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Introduction
     To address the challenges facing the
automotive industry, such as CO2

emissions and safety, steelmakers
tried to develop advanced high-
strength steels (AHSSs) with a high-
impact energy absorption capacity, en-

abling the use of thinner gauges in the
autobodies (Refs. 1–4). In this ap-
proach, dual phase (DP) (Ref. 5), twin-
ning-induced plasticity (TWIP) (Refs.
6–8), transformation-induced plastici-
ty (TRIP) (Refs. 9, 10) steels have been
developed (Refs. 11, 12). These steels
benefit from different strengthening
mechanisms for simultaneous en-
hancement of strength and toughness.
This synergy allows for the manufac-
turing of lighter and safer autobodies
(Ref. 2).
     However, due to their rich chem-
istry and high-carbon equivalent and
special thermomechanical processing,
and thus susceptibility to the restora-
tion and segregation phenomena, the
smart design of a weld process was
crucial for obtaining quality welds. Al-
though remelting induced by welding
schedule changed the smartly de-
signed microstructure of AHSS into
the as-cast microstructure, the reheat-
ing also can induce some significant
consequences in the heat-affected
zone (HAZ), affecting the mechanical
performance of the welds. Therefore,
these steels had more welding prob-
lems (Ref. 13) in contrast to the high-
strength steels (HSS) and convention-
al low alloy steels. Recent research re-
sults indicated the steels with richer
chemistry, more complicated thermo-
mechanical processing, and higher
strength had less weldability and more
susceptibility to welding problems
(Refs. 2, 13, 14), implying the signifi-
cant importance of the smartly de-
signed welding schedule (Ref. 2).
     In the last three decades, a signifi-
cant research activity was dedicated to
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the development of TRIP-assisted steels
(Ref. 9). The side effect of enhancing
the strength of the steels, a reduction in
their ductility, was the driving force for
the development of TRIP-assisted
steels. In the TRIP effect, mechanically
induced martensitation of the retained
austenite postponed the necking phe-
nomenon to happen at higher elonga-
tions (Ref. 15). This enhancement of
the ductility was first reported for stain-
less steels in 1967 by Zackay et al. (Ref.
16). However, this steel had a rich
chemistry of costly alloying elements
(Ni and Cr), and thus could not be used
in autobodies. The focal points of the
researches performed in the last three
decades were the alloy design (Refs. 17,
18), role of alloying elements (Ref. 19),
thermomechanical processing of the al-
loy (Refs. 20, 21), the relationships be-
tween microstructure and mechanical
properties of the alloy (Refs. 15, 22), de-
formation, and strengthening mecha-
nisms of the alloy (Refs. 23, 24).
     These research activities result in an
upgraded knowledge on the TRIP ef-
fect, leading to mass production of
cost-efficient TRIP steels (C-Mn-Si and
C-Mn-Al TRIP steels) with better me-
chanical performance in contrast to the
former TRIP steels. The microstructure
of the TRIP steel contains an allotri-
omorphic ferrite as the matrix contain-
ing bainitic ferrite and retained austen-
ite (Refs. 9, 17, 20). The Si and Al con-
tents of the alloy prevent cementite
precipitation during the growth of the
bainite, forcing more C into retained
austenite. C, which was partitioned
from bainitic ferrite, increases the sta-
bility of the retained austenite to be

stable at room temperature (Ref. 9).
The presence of the retained austenite
was vital for the TRIP effect; therefore,
the alloy design and the thermome-
chanical processing of the alloy should
be designed in such a way to ensure the
retention of the austenite normally
within a complex microstructure.
Thanks to the complex multiphase mi-
crostructures, retained austenite and
its mechanically induced transforma-
tion to martensite, a better balance and
synergy of strength and ductility are
seen for Fe-C-Mn-Si and Fe-C-Mn-Al
systems, suggesting their potential use
in autobodies (Refs. 9, 15, 17, 20, 23,
24). For the latter, it was essential to
assess the weldability of the alloy, a
standpoint that was not the focus of
the research in the aforementioned tri-
als needing critical attention.
     In spite of the development, new
technologies for spot welding sheet

metals, still in conventional resist-
ance spot welding (RSW), was app-
plied for sheet joining in the assembly
lines of the automotive industry. This
trend seems to continue for the pre-
dictable prospect (Ref. 2). From this
standpoint, it was of significant im-
portance to characterize the weld pro-
cessing, weldability, and mechanical
performances of the newly developed
TRIP steels during RSW. On the other
hand, there were some reports on
RSW of TRIP steels with lower
strength, such as TRIP600 and
TRIP800 (Refs. 3, 25–27); however
RSW of higher strength steels, such
as 1-GPa grade TRIP steel, need to be
assessed. The higher strength in TRIP
steels was the consequence of more
alloying content and/or more com-
plex thermomechanical processing of
the alloy.
     These two change the thermophys-

WELDING RESEARCH

WELDING JOURNAL / MAY 2018, VOL. 97158-s

Fig. 1 — The thickness of the galvannealed coating used
for improving the corrosion resistance of the steel.

Fig. 3 — The welding schedule used in the current work.

Fig. 2 — Stress-strain curve of the TRIP steel sheet used in this
work.
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ical properties of the alloy, which in
turn change the response of the alloy
to the RSW process. Therefore, this
work aims to characterize RSW of 1-
GPa grade TRIP steel to disclose the
changes in the alloy response to RSW.
The work also tries to study the me-
chanical performance of the welds,
and to characterize the contribution
of the thermophysical properties of
the alloy on the mechanism of nugget
formation and growth in contrast to
conventional steels.

Experimental Procedure

Material

     A 1-GPa grade TRIP steel was used
in the following investigations, as well
as welding experiments. The 1.2-mm-
thick steel was used in the form of gal-
vannealed sheet as the base metal
(BM); the coating thickness was about
10 μm — Fig. 1. The chemical compo-
sition of the steel was characterized by
ICP-OES (Thermo iCAP 6500 Duo).

The carbon content of the alloy was
characterized by a carbon determina-
tor (Eltra CS2000).
     The chemical composition of TRIP
steel sheets is shown in Table 1. The
results of the tensile experiment of the
sheet, which was performed according
to ASTM E8/E8M–09, are presented in
Table 2 and Fig. 2.

Welding of the Specimens

     The sheets were cut into specimens
for the welding process, and then were
cleaned properly with ethanol to re-
move dirt and oil before welding.
Welding was carried out using a robot-
ic medium-frequency, direct current-
inverter spot welding unit with a 6-
mm-tip diameter of dome-shaped Cu-
Cr electrodes under a constant water-
cooling rate of 4 L/min. The tempera-
ture of the coolant was 20°C. The
welding parameters in this work were
the following: 1) welding current,
which varied from 4 to 10 kA, with a
0.5 kA step increase; 2) welding time
of 16 cycles; and 3) electrode force,
which was kept constant at 4 kN. The
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Fig. 4 — The schematic and coupon dimensions for A — TST; B — CTT.

Table 1 — Chemical Composition of the Experimental TRIP Steel Sheets (wt-%) 

 Element                    C                 Si                Mn                      Al                               Fe

  Content                 0.26             1.09              2.18                   0.52                           Base
  (wt-%)

Table 3 — The Characteristic of the TRIP Steel Sheet and Welding Machine (listed first), and Welding Conditions Used in this Work (listed second)

                      Sheet Thickness                 Power Type                     Gun Type                       Cooling Rate                      Electrode Type
                               (mm)                                                                                                            L/min                                       

                                  1.2                                MFDC                          Servo gun                               4                                 Dome-radius 
                                                                                                                                                                                           type, 6 mm 

     Current Range                     Current                  Electrode Force                   Squeeze Time                    Welding Time                     Holding Time
             (kA)                         Interval (kA)                        (kN)                                (cycles(a))                           (cycles(a))                           (cycles(a))

            4–10                                0.5                               4.0                                     65                                      16                                       16

(a) 1 cycle = 16.667 ms.

Table 2 — Mechanical Properties of the Experimental Steel

   Tensile Strength                                    Yield Strength                                   Elongation 
           (MPa)                                              0.2% (MPa)                                           (%)

          991 ± 4                                                386 ± 4                                             9 ± 1

A B
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squeeze and holding times were kept
constant at 65 and 16 cycles, respec-
tively. A 60-Hz cycle was used in this
work.
     Table 3 and Fig. 3 show the charac-
teristic of the sheet, welding machine,
and welding conditions used in this
work.

Evaluation of Mechanical
Properties

     Tensile-shear test (TST) and cross-
tensile test (CTT) were used to charac-
terize the load and energy bearing ca-
pacities, and ductility of the welds. The
CTT and TST specimens were prepared
according to the ISO 14272:2015(E)
standard. The mechanical tests of the
welds were performed by strain rate of 2
mm/min at the ambient temperature by
a KSTM universal testing machine. The
TST and CTT were carried out according
to the ANSI/AWS/SAE/ D8.9-97 Stan-
dard. The load-displacement curve was
the outcome of the mechanical evalua-
tions. Each data point (peak load) was
the average of three measurements. The
loading conditions and the coupon di-
mensions for TST and CTT tests are
shown schematically in Fig. 4. After ten-
sile-shear tests, the macrofractographic
studies were performed using a stereo-
scope to determine the failure mode of
the welded specimens.

Metallographic Studies

     To study the microstructure of TRIP

steel and the macrostructure of resist-
ance spot welds, metallographic exami-
nations were performed. After welding,
the weld specimens were cut according
to the ANSI/AWS/SAE/D8.9-97 stan-
dard. In this approach, the cutting was
carried out slightly above the weld cen-
terline, and after grinding and polish-
ing; the weld nugget section reached to
the front. The specimens were then
mounted with a cold-clear mount using
a two-component resin. The mounted
specimens were prepared following
standard metallographic preparation
and polished to a 0.05-m diamond
paste.
     To study the macrostructure of the
welds, a 4% Nital etchant solution (96
mL C2H6O + 4 mL HNO3) was used.
Each reported nugget size was the av-
erage of three examinations on a
cross-sectional view of three welds.
Using the following three-step color
etching procedure by the LePera
etchant (Ref. 28) (30-s etching in Nital
(3%), then 5-s etching in HCl (10%),
and finally 10-s etching in a solution
of Na2S2O5 (10 g) in distilled water
(100 mL)), the microstructure of the
BM was characterized.

Simulations

     Due to the special weld geometry of
RSW, which makes the weld zone inac-
cessible, to determine the thermal cy-
cle experienced during RSW and thus
the nugget growth mechanism, simu-
lations were performed with a finite

element software, SORPAS® (Ref. 29),
which has been dedicated to the simu-
lations of RSW processes.

Results and Discussion

Base Metal Chemistry,
Microstructure, and Their
Weldability Consequences

     TRIP steel has a complex multi-
phase microstructure, and Nital
etchant is not able to make enough
phase contrast in the optical micro-
graphs. LePera color etchant is able to
distinguish the different phases exist-
ing in the microstructure of the alloy.
     Figure 5 shows the microstructure
of the BM at different magnifications.
As mentioned in the figure, the steel
contains four phases including a ferrit-
ic matrix inducing the fracture elonga-
tion and impact resistance of the alloy
and the embedded bainite, martensite,
and retained austenite reinforcing is-
lands inducing the strength of the al-
loy. The ferritic matrix and martensite
phase, due to its especial morphology,
were easy to distinguish in the mi-
crostructure; however, the contrast be-
tween the bainite and retained austen-
ite was not easy to distinguish using
the conventional etching approaches,
as these phases show similar colors in
the captured micrographs. The color
etching approach used in this work
was able to distinguish between the re-
tained austenite (white) and bainite

WELDING RESEARCH

WELDING JOURNAL / MAY 2018, VOL. 97160-s

Fig. 5 — The microstructure of the experimental sheet of the TRIP steel. A — Higher magnification showing its different phases;
B — lower magnification.
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(brown), as shown in Fig. 5B. Such a
complex multiphase microstructure
can enhance the strength and ductility
of the alloy, simultaneously.
     The multiphase microstructure of
the alloy provides the obstacles for
easy glide of the dislocations. The
small size and homogenous distribu-
tion of the different reinforcing phas-
es reduced the mean free path for the
dislocations. These two led to the en-
hancement of the strength of the al-
loy, and by postponing the necking
phenomenon, enhanced the fracture
elongation and toughness of the alloy.
Because one of the key factors affect-
ing the mechanical performances of
the welds is the sheet metal mechani-
cal properties, it was expected to see
the welds with desired mechanical
properties as well. Other factors af-
fecting the mechanical responses of
the alloy, and in its resistance spot
welds, are discussed here to boldface
the other links between the metallur-
gy and mechanical performance of
the alloy and its welds. Moreover, the
alloy benefits from other strengthen-
ing mechanisms are discussed. The
rich chemistry of the alloy (see Table
1) allows solid solutioning the ferritic
matrix in contrast to the plain carbon
and conventional steels. Fine homog-
enous distribution of the reinforcing
phases (which have a size distribution
in the range of submicron to about 5
m), as is evident in Fig. 5, activates
the grain refinement mechanism of
strengthening as well as enhances the
density of obstacles for free move-
ment of dislocations. The higher den-
sity of the obstacles reduces the mean
free path of dislocations, thus post-

poning the necking phenomenon to
occur at higher elongations (Ref. 2).
     As mentioned previously (Ref. 9),
the TRIP effect (mechanically induced
martensitation of the retained austen-
ite during loading) enhances the
strength and toughness of the alloy, si-
multaneously. Utilizing a rich chem-
istry, different strengthening mecha-
nisms and the TRIP affect the alloy,
exhibiting a high strength of 1 GPa
and a relatively high fracture strain of
9%, as shown in Fig. 2. As a conse-
quence, a high toughness and a good
crashworthiness were achieved by this
complex, multiphase microstructure,
suggesting its good potential of appli-
cation in autobodies. On the other
hand, since the base metal microstruc-
ture and metallurgy were the first in-
fluencing factor on the mechanical
performance of the welds, high
strength, ductility, and toughness
were expected for the welds; an expec-
tation was evidenced by the experi-
mental results , as discussed in the up-
coming “Mechanical Responses of the
Welds” section.
       In spite of the rich alloying content
and a smartly designed microstructure
of the alloy (which was the consequence
of its complicated thermomechanical
processing), resulting in an excellent
mechanical performance of the alloy,
they have two slight effects for the
weldability and weld processing of the
alloy. Those two are high carbon equiva-
lent and change in the thermophysical
properties of the alloy. The carbon
equivalent was calculated according 
to the following formula (Ref. 30) pro-
posed by the International Institute of
Welding (IIW)

     The carbon equivalent was calculat-
ed to be 0.82%. Carbon is an enemy of
welding because the weldabilty nor-
mally decreases with increasing the
carbon content of the steel. Mean-
while, it has been mentioned that the
steels with carbon equivalece of more
than 0.45 need for caution while weld-
ing (Ref. 30). On the other hand, the
cooling rate during RSW is more than
that in other welding processes. The
simulations were done for different
heat input conditions to predict the
heating rate (during the welding time)
and cooling rate (during the holding
time) of the molten nugget (fusion
zone (FZ)) and melt superheat in the
welds. As in RSW, the weld nugget was
an indication of the heat input, and
simulations were done for the nugget
sizes of 4.0, 5.0, 6.0, and 6.5 mm,
which covers low to high heat input
conditions.
     The results are presented in Fig. 6.
As is seen in this figure, the heating
rates are in the range of 6100°–8300°C
/s, and the cooling rates are in the
range of 6700°–7300°C/s, depending
on the heat input conditions. These
cooling rates are too high, encouraging
the massive transformation (marten-
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Fig. 6 — Simulation results showing: A — The changes in the heating/cooling rate; B — melt superheat with the heat input (final
nugget size).
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site formation) and thermally induced
stresses in the fusion zone. This fact
increases the possibility of the weld
defect formation and weld discontinu-
ities induced by the cracking phenom-
ena. Surface-breaking cracks and liqua-
tion cracking were the consequences
of high thermally induced stress
buildups in the HAZ of the welds. The
thermally induced stresses have a sig-
nificant effect on the formation of the
mentioned weld defects and disconti-
nuities. In analyzing the simulation re-
sults presented in Fig. 6, and the effect
of heat input, it can be said the heat-
ing rate increases with the heat input.
This means at higher heat inputs, the
heating rate induced by resistivity of
the alloy was more than the cooling ca-
pacity of the water-cooled electrodes.
     In other words, at low-heat input
conditions, the water-cooled elec-
trodes were able to absorb a higher
amount of the heat generated during

welding. A reverse trend is seen for the
cooling rate; at higher heat inputs, the
cooling rate of the molten nugget de-
creases. At high-heat inputs, the
amount of the heat generated and
stored between two water-cooled elec-
trodes is too high and thus the water-
cooled electrodes need more time to
solidify the molten nugget. On the
other hand, a higher heating rate and a
higher heat input for larger nuggets
result in more melt superheat (see Fig
6B), which in turn reduced the cooling
rate. Such a high cooling rate (6.7–7.3
k°C/s) and the high carbon equivalent
(0.82%) of the alloy indicate the cau-
tion was essential for welding 1-GPa
grade TRIP steel.
     The second consequence of the rich
chemistry of the alloy and complex
thermomechanical processing of the
alloy was the change of the thermo-
physical properties of the sheets af-
fecting the response of the sheets to

the RSW process. Table 4 compares the
electrical resistivity, thermal conduc-
tivity, and coefficient of thermal ex-
pansion of the experimental alloy with
those of a conventional steel. These
properties have significant impacts on
heat/stress generation and concentra-
tion during RSW of the alloy. The
higher electrical resistivity of the alloy
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Table 4 — Thermophysical Properties of TRIP980 and HSLA440 Steels

           Steels                         Electrical Resistivity (10–8 Ω.m)         Thermal Conductivity (W/m.K)            Coefficient of Thermal Expansion (10–6/°C)

             TRIP                                               20.8                                                  46                                                              14.2

            HSLA                                               14.2                                                   56                                                              10.8

Fig. 7 — Cross-sectional view of the typical resistance spot welds of: A — TRIP; B —
HSLA steels of equal nugget diameter.

Fig. 8 — The change in the nugget size
and shape with the welding current.

A

B
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results in high-heat generation in the
FZ and HAZ of the welds. The lower
heat conductivity of the alloy allows
heat concentration and storage in the
HAZ, which have some consequences.
As the alloy had been produced by
thermomechanical processing, the
high-heat generation resulted in a
softening effect in the HAZ.
     On the other hand, the high-heat
generation induces more thermally in-
duced stress buildups. These conse-
quences increase the susceptibility of
welds to early expulsion, surface-
breaking cracks and liquation cracking.
The higher coefficient of the thermal
expansion of the alloy results in more
thermally induced stress concentra-

tion during the heating and cooling
stages of the RSW process, which can
result in welding defects. The influ-
ence of the thermophysical properties
of the alloy is discussed with more de-
tails in the next section.

Macrostructure of the Welds

     Figure 7 shows/compares the
macrostructures of TRIP and HSLA re-
sistance spot welds. In the macro-
graphs, different zones including the
FZ, HAZ, and BM are shown. To com-
pare the macrostructures of the welds,
the joints of similar nugget size were se-
lected. In spite of the equal nugget size

of the welds, it was evident the TRIP
steel weld had more nugget penetration
depth (nugget width) in contrast to the
HSLA steel weld. This can be attributed
to higher electrical resistivity and lower
heat conductivity of TRIP steel in con-
trast to HSLA, resulting in more heat
generation, lower heat dissipation, and
thus more weld penetration depth.
     More nugget penetration depth im-
plies more bond volume/area, ensur-
ing better mechanical response of the
welds. The TST results for these two
welds indicate TRIP and HSLA steels
had tensile shear strengths of 15.8 and
11.3 kN, respectively. It should be not-
ed that the better mechanical response
of TRIP steel welds was also in close
relationship with the alloy chemistry,
microstructure, and BM mechanical
properties — see Fig. 2. These have
been discussed in previous sections.
     From Fig. 7, it can be said the HSLA
weld had a wider HAZ area and more
electrode indentation in contrast to
the resistance spot welds of TRIP steel.
The wider HAZ in the HSLA sample
was related to a higher heat conductiv-
ity of the alloy, allowing heat transfer-
ring to far away points. More electrode
indentation depth in the HSLA weld
was attributed to the lower tensile
strength of the HSLA sheet in contrast
to the tensile strength of the sheet of
TRIP steel.
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Fig. 9 — The curve of the nugget diameter vs. welding current.

Fig. 10 — The simulation results of the temperature distribution during: A — Welding; B — holding times.
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Nugget Formation and Growth

     The changes in the nugget size and
shape for the 1-GPa TRIP steel with
the welding current are shown in Figs.
8 and 9. It should be mentioned that
at welding currents of 9 kA and more,
the molten metal was expelled from
the molten nugget, indicating too
high-heat input conditions.
     From Fig. 8, it can be said a high
nugget growth rate at lower welding
currents is seen; however, at higher
welding currents, the growth rate is
low, and at high-heat input conditions,
the change in the nugget size is negli-
gible. The trend explained above is
seen quantitatively in Fig. 9. From this
figure, it can be said the nugget size
follows an r-curve behavior and has a
saturation limit. This behavior is dis-
cussed with more details later.
     It seems the nugget penetration
depth also had a saturation limit.
Comparing the growth rate of the
nugget penetration and nugget size
with the welding current, the former
has a higher rate, as it obtains its satu-
ration limit at a lower welding current.
This can be attributed to the thermo-
physical properties of the alloy, allow-
ing more heat generation and concen-
tration in the weld zone. Another
trend evident in the macrostructure of
the welds was the electrode indenta-
tion depth, which increases with the
welding current. The electrode inden-
tation depth was more at higher weld-
ing currents. This can be attributed to
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Fig. 11 — Load-displacement curves for
the welds obtained at different welding
currents.

Fig. 12 — Macrofractographs of the welds obtained at welding currents of: A — 4.0;
B — 5.0; C — 8.5; D — 9 kA.

A

C

B

D
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the fraction of nonmelted sheets be-
tween the water-cooled electrodes to
the molten one, and the softening ef-
fect happening in the HAZ of the
welds.
     As mentioned previously, the high
strength of the sheet was related to
the rich chemistry of the alloy and
complex thermomechanical processing
of the alloy. More heat generation at
high welding currents results in a high
temperature buildup in the FZ and
thus the HAZ. The simulation results
presented in Fig. 6 indicated more
heating rates and melt superheats
were obtained at higher welding cur-
rents. The higher heating rate ensures
high-temperature buildup at the HAZ
as the cooling capacity of the welding
electrodes was constant (the cooling
rate of 4 L/min). The higher tempera-
ture buildup in the HAZ enhances the
thermally induced effects, such as rap-
id annealing of the worked microstruc-
ture and grain growth in the HAZ. The
obtained microstructure reduced the
strength and rigidity of the HAZ area
and nonmelted part of the sheet be-
tween the weld pool boundary and
electrode/sheet interface, allowing
more electrode penetration and thus
more geometrical stress concentration.
This phenomena, which had a metal-
lurgical origin induced by the thermo-
physical properties of the alloy, affects
the mechanical responses of the welds.
     Due to the special geometry of the
RSW process, which makes the weld
zone inaccessible, simulations were
performed to determine the thermal
cycle and thermal history experienced
during welding and holding times at
welding conditions, resulting in a
nugget size of about 6 mm. The simu-
lations help to explain the mecha-
nisms of the weld nugget formation,
growth, and solidification.
     The simulations were done during
the welding and holding times — Fig.
10A, B. During the welding and hold-
ing times, the water-cooled electrodes
transferred the heat from the weld
zone; however, during the welding
time, the resistivity of the alloy
against the current flow was generat-
ing the heat, simultaneously. The sim-
ulations indicate the temperature at
the sheet/sheet interface was more
than other places, which indicated the
resistance of this interface was more
than other bulk and interface resist-

ances. First, the galvannealed zinc
coating was melted, as its melting tem-
perature was much lower than the
TRIP steel. After this stage, the tem-
perature in the sheet/sheet interface
increased. The isotherms in simula-
tion results indicated the heat was
producing in this interface during
welding, which was transferred out-
ward due to the heat conductivity of
the alloy and water-cooled electrode
heat conduction. There was a competi-
tion between the heat generation in-
duced by the resistivity of the alloy
and these heat conductions.
     Due to the higher electrical resistiv-
ity and lower heat conductivity of the
alloy in contrast to the conventional
steels (see Table 4), the rate of the heat
generation was more, resulting in the
formation of the fusion zone at lower
welding currents (4 and 6 kA were the
minimum welding currents for the for-
mation of the molten nugget in the ex-
perimental alloy and HSLA steel). The

simulation results indicate that only a
7-cycle welding time (0.116 s) was
enough for the formation of a molten
nugget. Other temperature distribu-
tion results at longer welding times in-
dicate that during the welding time,
the nugget size and nugget width in-
creased, but the rate of the nugget
penetration was more. It seems at the
end of the welding time, a balance be-
tween the heat generation and heat
transfer, mostly by water-cooled elec-
trodes, was obtained, which limited
the nugget growth. This balance was
obtained at high-heat generation con-
ditions (i.e., the end of the welding
time or high enough welding cur-
rents); see the nugget diameters for
the welding currents more than 7.5 kA
in Fig. 9. This balance can be attrib-
uted to the high penetration of the
molten nugget, reducing the distance
between the fusion boundary and
sheet/electrode interface and enhanc-
ing the efficiency of the cooling and
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Fig. 13 — Tensile-shear strength (PMax) of the welds in TST at different welding 
currents.

Fig. 14 — Elongation at peak load (LMax) of the welds in TST at different welding 
currents.
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heat transfer induced by water-cooled
electrodes.
     It seems at higher-heat input condi-
tions, this balance was obtained faster.
In other words, the simulation results
indicate a higher nugget penetration
depth in the TRIP steel was obtained,
which was a key factor in limiting its
maximum nugget size, because the
higher nugget penetration depth en-
hances the efficiency of the heat trans-
fer by the water-cooled electrodes. This
helps reaching the balance between the
heat generation and heat transfer. It
was seen that the maximum nugget size
before expulsion in the experimental
TRIP steel and HSLA steel was 6.5 and
7.2 mm, respectively. This may be an in-
dication of the existence of a critical
maximum nugget size for TRIP steel,
which was normally smaller than that of
conventional steels. This means that at
such conditions, the HAZ experiences
higher temperatures for a longer time,
leading to a softer HAZ facilitating the
HAZ softening and liquation cracking,
and allowing the expulsion phenomena
to occur (Ref. 31). These phenomena
limit the final nugget size. Welding pa-
rameters leading to such conditions
should be avoided to obtain sound
welds.
     During the holding time, there was
no source for heat generation because
the electrical current did not pass
through the sheet thickness anymore.
In this step, the water-cooled electrodes
and heat conductivity of the alloy helps
transferring the heat from the molten
nugget, resulting in its solidification
and other consequences such as phase
transformations. The simulation results
indicate only a 8-cycle holding time was

enough to solidify the molten nugget.
This means that a very high cooling rate
was obtained during the solidification,
which affects the microstructure of the
FZ. This induces the formation of the
massive transformations in contrast to
diffusional transformations (Ref. 3).
     Meanwhile, it was seen that the
rate of molten nugget solidification in
the vertical direction was less than the
horizontal one at the beginning of the
holding time. The base metal heat con-
ductivity in this direction helps trans-
ferring the heat from molten nugget
in addition to the cooling induced by
the water-cooled electrodes. The solid-
ification direction was induced by the
heat conduction direction. Looking at
the solidification direction in Fig. 7A,
it can be said the rate and direction of
the solidification in different locations
of the FZ was not similar, and it de-
pends on its vertical distance from the
water-cooled electrodes and horizontal
distance from the weld pool boundary.
The increase in the mentioned dis-
tances results in the decrease in the
heat transfer and cooling rates. The
simulation also indicates the last
molten metal was solidified at the cen-
ter of the nugget, implying greater
possibility for the formation of weld
defects, such as shrinkage induced
porosities and interdendritic pores at
this location.
     On the other hand, since the alloy-
ing elements tend to segregate in the
molten metal, it was expected to see
richer alloying concentrations at the
last weld interface (at the centerline of
the weld pool). Although the simula-
tions indicate that only a 8-cycle hold-
ing time was enough for the solidifica-

tion of the molten nugget, after finish-
ing the holding time, the temperature
at the last weld interface was still rela-
tively high in the range of 420°–470°C,
indicating the possibility of mixed
transformation and carbon back diffu-
sion (Refs. 32, 33).

Mechanical Responses
of the Welds

     The TST and CTT were used to
study the mechanical performance of
the welds. The loading conditions and
the nature of the applied stresses to
the weld in these tensile tests were dif-
ferent, aiming to characterize the me-
chanical performance of the welds at
different loading conditions — see Fig.
4. Although in both loading condi-
tions, the mixed (tensile and shear)
stresses were applied on the FZ; how-
ever, in the TST loading condition, the
shear stresses, and in the CTT loading
condition, the tensile stresses were
dominant. In real loading for autobod-
ies, or in a crash event, the tensile and
shear stresses were applied on the re-
sistance spot welds together; there-
fore, it was of significant importance
to characterize the mechanical per-
formances of the welds through TST
and CTT tests, simultaneously.
     Figure 11 presents the experimen-
tal results, showing the load-displace-
ment curves of the welds in the TST
loading condition at different welding
currents. To analyze the mechanical
performance of welds, the load-dis-
placement curve should be analyzed.
Similar to the stress-strain curve,
which presents the strength, ductility,
and toughness of the material tested,
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Fig. 15 — Cross-tensile-strength (PMax) of the welds at different
welding currents.

Fig. 16 — Ductility ratio (CTS/TSS) of the welds at different
welding currents.
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the following equivalent information
can be obtained from load-displace-
ment results: 1) the peak load (PMax),
which is the maximum load the weld
endures and is an indication of the
weld strength, and 2) the correspon-
ding displacement for PMax (LMax),
which is an indication of weld elonga-
tion. Unlike the tensile test, the dis-
placement after PMax (the necking
point in the stress-strain curve) is not
only for the weld, and it had some con-
tribution of the sheet metal displace-
ment as well.
     In other words, it had some depen-
dences that were not related to the
weld and 3) failure energy (WMax) at
PMax, which was an indication of
toughness and energy absorption ca-
pacity of the weld, and measured by
calculating the area under the load-
displacement curve up to PMax (Ref.
31). A simultaneous increase in PMax

and LMax results in an increase in WMax,
indicating more energy absorption ca-
pacity and thus more crashworthiness
(Ref. 13) in a crash event. Figure 11 in-
dicates an increase in the welding cur-
rent and nugget size increases PMax,
LMax, and thus WMax.
     Table 5 presents more information
regarding the welds, including their fail-
ure mode and susceptibility to the ex-
pulsion phenomenon. At low welding
currents of 4.0 and 4.5 kA, the metallur-
gically bonded area induced by welding
were not so strong, crack propagated
through the FZ, and the welds failed by
IF mode — see Fig. 12A.
     As is seen in Fig. 11, the IF failure
mode has a very low energy absorp-
tion capacity (WMax) and thus fails very
fast. From this standpoint, this failure
mode was not accepted in the quality
control tests. At higher welding cur-
rents and thus larger nugget size, a
failure mode transition from IF to PF
mode was seen. The transient state is

for the specimen welded at 5.0 kA,
which fails by the PIF mode — Fig.
12B. At higher welding currents, up to
the expulsion current, higher PMax,
LMax, and WMax were obtained with
mostly the PF mode, indicating more
reliability of the welds — Fig. 12C.
The adverse effect of the expulsion on
the mechanical behavior of the welds,
which is clearly seen in Fig. 11, had
been well documented in Ref. 31.
     From Fig. 11, it can be concluded
that the specimen welded at 8.5 kA
presents the best mechanical perform-
ances in TST, which presents much
better mechanical responses than sim-
ilar works (Refs. 3, 4, 25–27, 34).
Comparing the current work and pre-
vious works (Refs. 3, 4, 25–27, 34), it
can be said that the maximum nugget
size before expulsion was bigger. The
better mechanical performance of the
welds in the current work seems to be
related to the higher strength of the
sheet (which in turn is the conse-
quence of its multiphase microstruc-
ture and chemistry), and larger nugget
size and nugget penetration depth,
which enhance the metallurgically
bonded area between the sheets. It
also may be an indication of the good
selection of the welding parameters.
     Another factor was the microstruc-
ture of the welds, which was not the
subject of the current work, and the
subject of our future publication. In
spite of the good mechanical perform-
ance of the welds, in all welding condi-
tions, the button size was not big
enough and mostly smaller than the
nugget size. This trend, which was
against the trends observed for con-
ventional steels and even for TRIP
steels with lower strength, could be
the subject of a new research. Resist-
ance spot welding at higher welding
currents (9.0 kA and more) results in
the expulsion of the molten metal

from the molten nugget — Fig. 12D.
The expulsion was an indication of un-
acceptable high-heat input conditions,
determining the upper limit of the ac-
ceptable welding currents (Ref. 31).
Looking at Figs. 9 and 11, it can be
said that in spite of the larger nugget
at a welding current of 9.0 kA, in con-
trast to a welding current of 8.5 kA,
the latter exhibits better mechanical
response and reliability. Although the
specimen welded at 9.0 kA has a larger
nugget, the molten metal expulsion
from the nugget increased the elec-
trode indentation depth, enhancing its
geometrical stress concentration and
thus early failure of the weld.
     Meanwhile, a small button at a
welding current of 9.0 kA implies the
crack followed a shorter path to lead to
the weld failure in contrast to the
specimen welded at 8.5 kA, which had
a larger button — Fig. 12C, D. More-
over, it seems that the higher heat 
input activates the thermally affected
processes, such as grain growth and
the HAZ softening phenomena, en-
couraging the formation of the weld
defects, which need to be studied in
more detail.
     Other results obtained from TST
indicate the welding current and thus
the weld nugget size was the main af-
fecting parameter on the tensile-shear
strength (peak load) and elongation at
PMax — Figs. 13 and 14. Because the
welding current was the only variable
of the research, the final nugget size
was controlled by this variable — Fig.
9. Therefore, it can be said that higher
welding current (up to the welding
current just before expulsion) results
in more heat generation and conse-
quently larger nugget size. A larger
nugget was an indication of the larger
metallurgical bonds persisting against
the applied load during mechanical
testing. Special thermophysical prop-
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Table 5 — The Expulsion Occurrence and Failure Mode of the Welds Obtained at Different Welding Conditions

           Welding Current (kA)                  4.0                       4.5                    5.0                         5.5                            6.0                          6.5
                    Expulsion                           —                        —                      —                           —                             —                            —
                Failure Mode(a)                        IF                         IF                      PIF                          PF                             PF                           PF

           Welding Current (kA)                  7.0                        7.5                     8.0                         8.5                            9.0                          9.5
                    Expulsion                           —                        —                      —                           —                            Exp.                         Exp.
                 Failure Mode                        PF                       PF                     PF                          PF                            PIF                           PIF

(a) IF: interfacial fracture; PF: pullout fracture; PIF: partial interfacial fracture; and Exp.: expulsion.
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erties of the alloy help increase the
nugget penetration depth, enhancing
the metallurgically bonded area (com-
pare Fig. 7A, B).
     The results indicate that the larger
nuggets result in larger button pullouts
and longer crack propagation paths.
Since throughout the tensile test the
welds were absorbing energy, the larger
nuggets resulted in more load bearing
and energy absorbing capacities or larg-
er PMax, LMax, and WMax. This discussion
shows the contribution of the metallur-
gical bond on the mechanical response
of the welds. As seen in Figs. 13 and 14,
the expulsion phenomenon results in a
decrease in the PMax, LMax, and thus
WMax. As discussed before, the decrease
was attributed to excessive heat input
and related phenomena, as well as the
weak microstructure and stress concen-
tration factors.
     The results mentioned above were
for TST loading conditions, which the
applied stresses to the FZ were mainly
shear-type in nature. To study the re-
sponses of the welds to the mainly ten-
sile stresses, the welds were subjected to
CTT, too. Figure 15 shows the depend-
ence of the peak load (PMax) in CTT to
the welding currents and thus weld
nugget size. The trend in CTT was the
same as TST; an increasing trend was
seen for both. But the PMax of CTT was
much lower than that of TST.
     The ductility ratio, which was calcu-
lated by dividing the peak load in CTT
(cross-tension strength (CTS)) to the
peak load in TST (tensile-shear
strength (TSS)) and an indication of
the joint ductility, shows this fact
clearly — Fig. 16. As seen in this fig-
ure, the ductility ratio was less than
0.4. This means the response of the
joints to the mainly tensile stresses
was not good enough. This was the
slight effect of the changes in the ther-
mophysical properties of the alloy in
contrast to the conventional steels.
The special thermophysical properties
of the experimental alloy result in rap-
id heat generation and its long durabil-
ity in the HAZ. These two help forma-
tions of the coarse-grained microstruc-
tures, weld defects and softening, and
embrittling phenomena, especially at
high-heat input conditions. These con-
sequences, which are normally the mi-
crostructural heterogeneities from the
mechanical standpoint, were mechani-
cal inhomogeneities and discontinu-

ities, and thus produce the stress con-
centration factors.
     On the other hand, electrode inden-
tation depth increases with the heat
input. As in CTT, the nature of the ap-
plied stresses was mainly tensile in na-
ture. The stress concentration factors
facilitate the fracture and result in ear-
ly fracture of the welds with low load
bearing and energy absorbing capaci-
ties. This seems to be the cause of the
low ductility ratio, as was seen in Fig.
16. As the expulsion phenomenon en-
hances the geometrical stress concen-
tration factor in the welds, in addition
to the above mentioned consequences
of the high-heat input conditions, very
low CTS and ductility ratios at the ex-
pulsion current were expected. Com-
paring Figs. 15 and 16, CTS experi-
enced an increasing trend while the
ductility ratio experienced a decreas-
ing trend after obtaining its maximum
value. This may be an indication of
formation of stress concentration fac-
tors after the welding current of 7.0
kA, and the decreasing trend may
be an indication of the increase in the
number of the stress concentration
factors.
     This discussion indicated the impor-
tance of studying the defectology while
RSW of 1-GPa TRIP steel, which will be
the subject of our next publication.
Enough supporting evidences for the
formation of weld defects/inhomo-
geneities and weld discontinuities, espe-
cially at high-heat input conditions,
have been collected that can be the sub-
ject of the future publication of the re-
search group. Comparing Figs. 13, 15,
and 16, it can be said that because of
different loading conditions in TST and
CTT, these stress concentration factors
were hard to activate while in TST. Due
to mainly tensile stresses, they were ac-
tivated easily in CTT loading conditions,
resulting in lower peak loads in CTT in
contrast to TST.

Conclusions

     It was of significant importance to
assess the weld processing, weldability,
and the mechanical responses of the
welds of the newly developed 1-GPa
grade TRIP steels. The alloy had a high
carbon equivalent of 0.82%, implying
the need for caution while welding the
alloy. Meanwhile, the rich chemistry,

special, and complex thermomechanical
processing of the alloy results in
changes to its thermophysical proper-
ties and thus its response to the resist-
ance spot welding process. The simula-
tion results indicate a high cooling rate
(more than 6700°C/s) was experienced
during the resistance spot welding of
the alloy. The results demonstrate that a
higher nugget penetration depth was
obtained in the steel in contrast to the
equal nugget size in conventional steel,
enhancing its mechanical performances.
     The maximum nugget size before
expulsion in the experimental TRIP
steel and HSLA steel was 6.6 and 7.2
mm, respectively. This, which seems to
be in relation with the higher nugget
penetration depth, may be an indica-
tion of the existence of a critical maxi-
mum nugget size for the advanced
high-strength steels. The higher
nugget penetration depth helps reach
the balance between the heat genera-
tion and heat transfer by the water-
cooled electrodes.
     It can be said the size and geometry
of the fusion zone was the most im-
portant factor affecting the mechani-
cal performance of the welds. Howev-
er, in resistance spot welding of TRIP
steel, the contribution of the nugget
penetration depth was more signifi-
cant in contrast to the conventional
steels. Meanwhile, the higher strength
of the alloy helps prevent the electrode
indentation, leading to the better me-
chanical responses of the weld.
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